ABSTRACT. The determination of ventilation rates through naturally ventilated livestock barns is
entilation is the process by which "clean" air (normally outdoor air) is intentionally provided to a space and stale air is removed. This may be accomplished by either natural or mechanical means. In animal housing, ventilation is needed to provide oxygen for metabolism, to dilute metabolic pollutants, e.g., carbon dioxide, and odor (Liddament, 1996) , and to remove body heat to maintain a good thermal environment for the animals. The purpose of ventilation is to provide an exchange of fresh air based on the climatic conditions and the environmental requirements of the biological units in the structure (Hellickson and Walker, 1983; Liddament, 1996) . Several studies have noted the importance of determining the ventilation rates for evaluating the indoor bioenvironment and quantifying the gaseous emissions from naturally ventilated livestock buildings (Samer, 2012 (Samer, , 2013a (Samer, , 2013b .
Therefore, there is great interest in finding alternative methods for estimating the ventilation rate in full-scale livestock buildings. One possibility is to use tracer gases (e.g., SF 6 , 85 Kr, CO 2 ), for which a correlation of 0.89 was found (Müller et al., 2006) with respect to wheel anemometer measurements. Another possibility is to estimate the air exchange rate by performing a carbon dioxide (CO 2 ) balance in the building. In the CO 2 balance, an accurate estimation of the CO 2 production in the building is crucial. The total CO 2 production includes CO 2 produced by the animals and CO 2 emitted from the manure. The CO 2 production by the animals can be derived from their energy metabolic rate, which is related to the feeding level and nutrient composition of the diet (Brouwer, 1965) . In animal houses where the manure is not stored in the barn for a long period (e.g., slatted-floor houses with regular emptying of manure pits), the CO 2 production from the manure handling system is small compared to the CO 2 production from the animals. However, in animal houses with deep litter (i.e., animal houses where the depth of the litter is >0.5 m), the CO 2 production from the deep litter can be considerable (Jeppsson, 2000 (Jeppsson, , 2002 . Ponchant et al. (2008) reported that among three methods (estimating heat losses and gains, determining the ventilation rate using a tracer gas, and measuring gas concentrations in the air and manure), the best measurement was measuring gas concentrations. Xin et al. (2009) compared indirect ventilation rate measurement through CO 2 balance to a direct measurement method by continuously monitoring the operation of in situ calibrated exhaust fans, which is an exact and accurate method. Their results showed no significant differences between the direct and indirect meth-ods. They added that the CO 2 balance or concentration difference method offers a viable alternative or supplemental check for quantifying building ventilation rates under conditions where direct, continuous ventilation rate measurement is not feasible. According to Pedersen et al. (1998) , the CO 2 balance is a reliable method for estimating the ventilation rate in uninsulated livestock buildings where only small differences between inside and outside temperatures occur, which is the case for the building investigated in our study. Madsen et al. (2010) stated that a simple, fast, reliable, and inexpensive method to estimate the production of gases from animals involves using the CO 2 concentration in the air near the animals combined with an estimation of their total CO 2 production from information on their intake of metabolic energy, or heat production units. Several studies investigated the use of CO 2 balance for estimating ventilation rates in naturally ventilated buildings. Van Ouwerkerk and Pedersen (1994) evaluated the ventilation rates in livestock buildings using the CO 2 mass balance method. Li et al. (2005) described a comparison of different CO 2 integration intervals in estimating building ventilation rates. Pedersen et al. (2008) reviewed the CO 2 production in animal houses and supported the conclusions of CIGR (1994). Samer et al. (2011a) compared three methods for measuring ventilation rate: CO 2 balance, radioactive tracer gas, and the combined effects of wind pressure and temperature difference forces (WT method). They found a good linear correlation between the tracer gas technique and the CO 2 balance, but they found no linear correlation between the tracer gas technique and the WT method, which depends on wind velocity (speed and direction) that varies from moment to moment. On the other hand, the CO 2 balance depends on animal production of CO 2 , which in turn depends on the metabolic energy. Therefore, Samer et al. (2011a) recommended further development of the radioactive tracer gas technique, which delivers comparable results and is independent of physiological changes. Samer et al. (2011b Samer et al. ( , 2011c further developed the radioactive tracer gas technique and concluded that the calculation method using the sum of radioactive impulses led to better results. They added that considering all readings of the radiation counters is more representative for air movement. Samer et al. (2011b) stated that the release of the radioactive tracer gas orthogonal to the prevailing wind at the windward side (over the manure alley) produced better detection by all radiation counters during summer seasons, emphasizing better mixing of the tracer gas with air and better distribution of the tracer gas inside the livestock building. Samer et al. (2011c) stated that the release of the radioactive tracer gas from a fixed source point determined with smoke experiments is the best release method during winter seasons when the barn is totally closed. In addition to the abovementioned tracer gas studies, Samer et al. (2013 Samer et al. ( , 2012a Samer et al. ( , 2012b Samer et al. ( , 2011d showed that the tracer gas technique is a sophisticated and expensive method for ventilation rate measurements. Therefore, it is essential to develop a practical, easy, and inexpensive measurement method.
According to Xin et al. (2009) and Pedersen et al. (1998) , the CO 2 balance is a reliable, simple, fast, and inexpensive method to estimate ventilation rates and the gaseous emissions from animal housing. Therefore, the CO 2 balance was set as a reference in the present study, which agrees with several previous studies (Samer et al., 2012a (Samer et al., , 2012b (Samer et al., , 2011a (Samer et al., , 2011b (Samer et al., , 2011c (Samer et al., , 2011d . However, the CO 2 balance has several error sources that may have negative influences on the estimation of ventilation rates, such as the calculation of metabolic energy, CO 2 produced per energy unit, amount of CO 2 emitted from manure, location of CO 2 sampling points, and animal weight, productivity, and pregnancy stage. Furthermore, the CO 2 concentration inside the building is not the same throughout the building and changes with time. Therefore, the CO 2 balance should be further developed. Determining the ventilation rates of naturally ventilated buildings is a key factor in quantifying the emission rates from animal buildings. There is a need to improve the accuracy of ventilation rate measurements, especially for naturally ventilated livestock buildings, as no accurate, reliable, and online method is available. Therefore, the objective of this study was to further evaluate and develop the CO 2 balance method.
MATERIALS AND METHODS

SITE DESCRIPTION
The investigated barn is surrounded by several agricultural buildings, except for the northern and western sides. Fortunately, the prevailing winds are from the north and northwest. The dairy barn is 114 m long and 36 m wide. The roof height varies from 3.5 m at the sidewalls to 9 m at the gable peak. Consequently, the internal room volume of the barn is 25,650 m 3 . The barn is designed to accommodate 420 Holstein Friesian dairy cows (673 kg average body mass) in a loose housing system with freestalls. The cows are milked three times per day in a milking parlor adjacent to the barn. There is a manure channel with a depth of 2.34 m (manure depth was 0.7 to 1.2 m during the different experiments) under each cow pathway with a slatted floor, and there are four pathways, two on each side (the first is 3 m wide, and the second is 4 m wide). The manure is removed when it reaches a depth of 1.8 m. The total volume of the manure channels is 3750 m 3 , which is part of the barn volume, as the floor is slatted. Consequently, the barn volume considered in the calculations is 29,400 m 
GENERAL PROCEDURES
The measurements were conducted throughout two spring seasons of two consecutive years over an eight-week period per season. The air temperature was measured inside and outside the building, and the wind velocity was recorded. Furthermore, the CO 2 concentration was continuously (every minute) measured inside the barn at ten uniformly distributed points and outside the barn at two points ( fig. 1) . The air exchange rates (AERs) were determined using the CO 2 balance. The AERs were also determined by the combined effect of wind pressure and thermal buoyancy (WT method). Sixteen experiments were carried out through both seasons, and the measurements for each experiment were conducted continuously over a five-day period.
The measurements of temperature were carried out using temperature sensors (HX93AC, Omega Engineering, Stamford, Conn.) at ten locations inside the barn and at two locations outside the barn ( fig. 1 ). These measurements were recorded every minute in order to document the indoor microenvironment of the livestock building. The ambient wind conditions were measured every minute with a weather station (Premium Weather Station, MEA, Magill, South Australia) located near the barn. The CO 2 concentrations were measured using infrared photo-acoustic analyzers (1412, Innova AirTech Instruments, Ballerup, Denmark) at 12 sampling points. The CO 2 concentration measurements occurred in a continuous sequence from sampling point 1 to sampling point 12. The gas sampling duration at each sampling point was 1 min; therefore, the gas concentration was measured every 12 min at each sampling point. Table 1 shows an overview of the instruments used to conduct the measurements inside and outside the barn. Figures 1 and 2 show the design of the investigated dairy barn and the different measuring points. The blue squares show the gas sampling points (SP), and the red squares show the temperature sensors (TS). All instruments were placed at a height of 2.5 m to be unreachable by curious cows. An external gas sampling point (SP12) and temperature sensor (TS12) were located 15 m north of the barn in order to measure the external temperature and to sample the gases from fresh external air as a reference for the in-barn air. Another external temperature sensor (TS11) and external gas sampling point (SP11) were located 15 m south of the barn.
DETERMINATION OF VENTILATION RATES
Ventilation rate is the rate at which air enters and leaves a building and is expressed in cubic meters per hour or per second (m 3 h -1 or m 3 s -1 ), which is also called volumetric flow rate. Mass flow rate is the rate at which air enters and leaves a building and is expressed in kg per second (kg s -1 ). Airflow rate per unit area is the volumetric flow rate related to the unit area of the building's floor (m 3 s -1 m -2 ). Airflow rate per animal unit (AU) is the volumetric flow rate related to one animal unit of 500 kg live weight (m 3 s -1 AU -1 ). Airflow rate per cow is the volumetric flow rate related to one cow (m 3 s -1 cow -1 ). Air exchange rate is the rate at which outside air replaces indoor air in a given time (h -1 ), sometimes per second but mostly per hour (Hellickson and Walker, 1983; Albright, 1990; Liddament, 1996) .
The determination of ventilation rates was carried out using three methods: the CO 2 balance (exact method compared to one-hour interval) and the combined effect of wind pressure and thermal buoyancy method (WT method). The parameters required by the aforementioned methods were measured simultaneously to allow calculation of the air exchange rates at the same time, making comparison between the methods possible. 
CO 2 BALANCE
The ventilation rate of a building can be determined by calculating the mass balance of CO 2 flow. The CO 2 balance and the CO 2 production calculations are based on metabolic heat and CO 2 production models and the statements of several studies (Hellickson and Walker, 1983; CIGR, 1984 CIGR, , 1994 CIGR, , 2002 Albright, 1990) . Equation 1 explains the relationship between the ventilation rate and the CO 2 production rate, assuming ideal mixing with the air inside the barn:
( )
where K CO2 is the production rate of CO 2 from one cow (mg h -1 cow -1 ), n is the number of cows housed in the barn, Q CO2 is the ventilation rate calculated according to the reference method, i.e., WT method (m³ h -1 ), and C i and C o are the concentrations of the gas inside and outside the barn, respectively (mg m -3 ). The air exchange rate can be then calculated by dividing the ventilation rate by the room volume of the barn.
However, the gas concentration inside the barn is not the same throughout the building and changes with time; therefore, equation 1 is an approximate estimation for gas production in dairy barns. Within the CO 2 balance, the CO 2 production rate depends on heat production. Hence, the CO 2 production rate can be calculated as follows (Hellickson and Walker, 1983; CIGR, 1984 CIGR, , 1994 CIGR, , 2002 Albright, 1990) : 
( ) 1 20 10 4 3 5
where Φ LM = required heat production for life maintenance (W) Φ MY = required energy for milk yield (W) Φ P = required energy for pregnancy (W) Φ t = total heat production (W) Φ Corr = corrected value of total heat production (W) m = average mass of the animals (kg cow -1 ) P = days after insemination Y = milk yield (38.2 kg d -1 average) T i = temperature inside the barn (°C) F = temperature correction factor.
In equation 9, K CO2 is in g h -1 cow -1 and should be converted to mg h -1 cow -1 in order to substitute the resulting value in equation 1.
The total CO 2 production includes CO 2 produced by the animals and CO 2 emitted from the manure. In this study, CO 2 was measured in the barn air, which is the total CO 2 production from both animals and manure. In animal houses where the manure is not stored in the barn for a long period (e.g., slatted-floor houses), the CO 2 production from the manure handling system is small compared to the CO 2 production from the animals (Jeppsson, 2000 (Jeppsson, , 2002 . The experiments in this study were conducted in a slatted-floor house. Therefore, the CO 2 from the manure was assumed to be negligible. On the other hand, most CO 2 is formed by the animals and exhaled by respiration. It can also be part of heating system exhaust gases released in the barn, which is not the case for the investigated barn. Additionally, a certain portion of CO 2 is released by the manure. The released CO 2 from urine and dung in stored manure is less than 5% of the amount produced by respiration. Concerning the uncertainties in measuring CO 2 concentrations for determining ventilation rates, CO 2 production from the urine and dung has mostly been neglected in mass balance models (Schneider, 1988; Aarnink et al., 1992) .
The CO 2 concentration measurements required to implement the exact CO 2 balance (CO 2 -ex) were conducted at the same time interval as the measurements of wind and temperature required to implement the WT method. On the other hand, the CO 2 concentration measurements required to implement the hourly based CO 2 balance (CO 2 -h) were conducted at a wider time interval (one hour), and the wind and temperature measurements (WT method) fell in the middle of this time interval. It is hypothesized that a one- hour interval is important to provide more accurate results, as the gas sampling takes place at 12 min intervals at each sampling point but not every minute at the same point. In other words, gas sampling at any point occurs only every 12 min, which means that the measurements required for the WT method cannot exactly coincide with the CO 2 sampling. Therefore, the closest CO 2 sampling value to the measured parameter required by the WT method was used to calculate the CO 2 -ex. To avoid this problem, a larger time interval (one hour) for CO 2 sampling allows several values of gas sampling at the same point. One hour provides five values of gas sampling, as the gas sampling takes place every 12 min at each point.
For the CO 2 -h, each experiment was divided into set of CO 2 data for one hour, and then the air exchange rate (AER CO2-h ) was calculated using the hourly based data set. On the other hand, the air exchange rate determined with the exact CO 2 balance (AER CO2-ex ) was calculated by determining the closest CO 2 sampling value to the measured parameters (temperature and wind velocity) required by the WT method. A set of data was determined within a 15 min period that fell in the middle of the previously specified one-hour interval for the hourly based method. This procedure was used in several previous studies (e.g., Samer et al., 2011a Samer et al., , 2011b Samer et al., , 2011c to be comparable with the air exchange rates estimated using the radioactive tracer gas technique, which requires a measurement period of 15 min. The resulting air exchange rates were averaged using Microsoft Excel.
WIND PRESSURE AND TEMPERATURE DIFFERENCE FORCES (WT)
The ventilation rate of a naturally ventilated barn is dependent on both thermal buoyancy forces and wind pressure on the openings of the building (Sallvik, 1999) . Therefore, the WT method was implemented to determine the ventilation rate, and the wind velocity and temperature were measured during the investigations. The data were used to calculate the ventilation rate using the equations explained by Hellickson and Walker (1983) . The ventilation rate due to wind pressure has been calculated as follows:
where Q W (m 3 s -1 ) is the ventilation rate due to wind pressure, V o (m s -1 ) is the wind velocity outside the barn, E is the effectiveness of the air inlets (normally considered 0.35 for agricultural buildings), and A (m 2 ) is the free inlet area. In this study, 0.35 did not represent the effectiveness of the air inlets; instead, E was calculated for the barn under investigation, as each building represents a special case. The following equation shows how the effectiveness was calculated:
where ω represents the angle between the wind direction and the main axis of the building (i.e., analyzing the velocity vector to derive its perpendicular component to the length of the building), and e is the ratio of the area of the openings in the long side of the buildings to the whole area of the side. The ventilation rate due to the temperature difference forces was calculated according to the following equations:
where V T is the discharge velocity due to temperature difference forces (m s -1 ), θ is the reduction factor (usually considered 0.65 for agricultural buildings), g is the acceleration due to gravity (m s -2 ), H is the height difference between the inlet and outlet (considered from the middle of the windward side to the top of the open ridge), and T i and T o are the temperatures inside and outside the barn, respectively (K). In equation 13, Q T is the ventilation rate due to temperature difference forces (m 3 s -1 ). The combined wind pressure and temperature difference effects lead to ventilation rate Q WT (m 3 s -1 ), which can be calculated by computing their quadrature as follows:
STATISTICAL ANALYSIS
The aim of the statistical analysis was to comprehensively evaluate the relationship between the three methods of ventilation rate determination. Correlation analysis was performed to test a linear relationship between the air exchange rates estimated by the three methods. Additionally, regression analysis was performed without applying an intercept to study the slope and fit of the regression equations between the reference method (WT method) and the two CO 2 balance methods (i.e., the exact CO 2 balance and the CO 2 balance for a one-hour interval). Furthermore, the differences between the reference method and the CO 2 balance methods were tested using a t-test. The hypothesis of the t-test was that the deviation of the differences between the WT and exact CO 2 balance from the differences between the WT and hourly CO 2 balance is equal to zero at a significance level of 0.05. The statistical analysis was carried out separately for each year's measurements, owing to the fact that the WT method behaves differently through the measurements. The WT method is not generally used as a reference method to measure ventilation rates. However, it was used as a reference method for the statistical analysis in this study because direct comparison with other more accurate methods was not possible. The statistical analysis was carried out using SPSS (ver. 22.1).
RESULTS AND DISCUSSION
CLIMATIC AND MICROCLIMATIC CONDITIONS
The temperature outside the barn ranged from 14.5°C to 17.9°C in the first year and from 16.5°C to 29.3°C in the second year during the investigations. The temperature inside the building ranged from 15.3°C to 18.2°C in the first year and from 16.6°C to 31.43°C in the second year.
The wind velocity (direction and speed) fluctuated, with wind direction ranging from 311° to 357° from north and wind speed varying from 0.13 to 0.44 m s -1 in the first year and from 0.13 to 0.72 m s -1 in the second year. Table 2 shows the climatic and microclimatic conditions during the measurements.
AIR EXCHANGE RATES
A total of 16 experiments were conducted in this study, and all experiments were conducted in spring. Seven experiments were performed during spring of the first year, and nine experiments were performed during spring of the second year. Table 2 shows the air exchange rates in the spring seasons of the first and second years according to the different estimation methods under consideration (AER CO2-ex , AER CO2-h , and AER WT ). Additionally, the temperature inside and outside the building, air velocity, and specific volume during the experiments are presented. Tables 3, 4 , and 5 show average airflow rates in the investigated building during the spring seasons. Furthermore, the mass flow rates, airflow rates per unit area, airflow rate per cow, and airflow rate per animal unit are presented for the different estimation methods. Madsen et al. (2010) , Xin et al. (2009), and Ponchant et al. (2008) stated that the CO 2 balance is a reliable, simple, fast, and inexpensive method to estimate the ventilation rates and the gaseous emissions from animal housing. Xin et al. (2009) stated that the CO 2 balance or concentration difference method offers a viable alternative or supplemental check for quantifying building ventilation rates under conditions where direct, continuous ventilation rate measurement is not feasible. However, the CO 2 balance method has several error sources, such as the calculation of metabolic energy, the CO 2 produced per energy unit, the amount of CO 2 emitted from manure, and the location of the CO 2 sampling points. In particular, the CO 2 balance method depends on animal production of CO 2 , which varies with animal weight, productivity, and pregnancy. Accord- [a] ΔC CO2-ex = CO 2 concentration differences (indoor to outdoor) for exact interval (mg m -3 ), ΔC CO2-h = CO 2 concentration differences (indoor to outdoor) for one-hour interval (mg m -3 ), t o = air temperature outside the building (°C), t i = air temperature inside the building (°C), w = wind velocity (m s -1 ), ν = specific volume (m 3 kg -1 dry air), AER WT = air exchange rate determined with wind pressure and temperature difference forces (h -1 ), AER CO2-ex = air exchange rate determined with exact CO 2 balance (h -1 ), and AER CO2-h = air exchange rate determined with hourly based CO 2 balance (h -1 ). ingly, the WT method was considered the reference method for statistical analysis in this study, as comparison with other methods was not possible. A comparison was made between the WT method and both methods of CO 2 balance to determine which of the two CO 2 balance methods provides more accurate results. In order to avoid unrealistic AERs subject to CO 2 balance, special attention should be given to the location of the external gas sampling points. The lowest CO 2 concentrations measured at the windward sampling point should be considered in order to avoid overestimation through very low differences between internal and external CO 2 concentrations.
The correlation analysis between AER WT and AER CO2-ex and between AER WT and AER CO2-h led to no correlation results. Similarly, the regression analysis provided unsatisfactory fits with the model used. Among all investigated relationships (i.e., dependencies), the best R 2 value was 0.432. The t-test showed no significant differences between the WT method and CO 2 balance for a one-hour interval, but there were significant differences between the WT method and the exact CO 2 balance (fig. 3) . The regression analysis resulted in the following regression equations: 
However, the large standard deviations found for the differences led to the conclusion that all three methods cannot be used to replace each other. Figure 3 shows the air exchange rates determined by the three methods. The values estimated using the exact CO 2 balance are higher than the values estimated using the CO 2 balance for a one-hour interval, which supports the relationship found in the regression analysis. However, the values estimated using the WT method unsystematically deviate around the values determined by the CO 2 balance for a one-hour interval, which makes it impossible to derive a clear relationship between these two methods. This can be explained by the large variations in the wind velocity (i.e., direction between 116° and 359° from north, and speed from 0.4 to 3.64 m s -1 ). The wind velocity varied from moment to moment and thus negatively affected the ventilation rate values calculated by the WT method, which largely depends on wind velocity. This explanation agrees with Van Buggenhout et al. (2009) and Ngwabie et al. (2009) . Additionally, the WT method does not take into consideration the occupancy of the building, which is an important factor that affects the ventilation rate. The calculated values of the effectiveness (E) of the air openings ranged between 0.33 and 0.53, with an average of 0.43, which differs slightly from the value (0.35) stated by Hellickson and Walker (1983) , as each barn is a special case that should be investigated separately. The regression analysis between the WT method, the CO 2 balance for a one-hour interval, and the exact CO 2 balance as dependent variables, with outdoor temperature, indoor temperature, and wind velocity as independent variables, showed that the best R 2 value was 0.856 between AER CO2-h and all independent variables, and the lowest R where OT is outdoor temperature, IT is indoor temperature, and WV is wind velocity.
Comparing the resulting equations, equation 18 shows that the CO 2 balance for a one-hour interval has the highest R 2 value of 0.856 (p < 0.05) in relation to the independent variables, which are outdoor temperature, indoor temperature and wind velocity (speed and direction). Therefore, the hourly balance is more accurate. This can be attributed to the fact that the CO 2 balance for a one-hour interval allows more time than the exact balance for all 12 sampling points to deliver their readings, as 12 min are required for SP1 to SP12, while the WT measurements focused on approximately 15 min of measurements because of the nature of wind velocity, which varies greatly at larger time intervals. In other words, the WT method requires short time intervals to deliver reliable results, but the CO 2 balance requires long time intervals to deliver reliable results. In order to compare both methods, a CO 2 balance for a one-hour interval was implemented, and the measurements of the WT method were conducted in the middle of this time interval. However, the exact CO 2 balance has been used as a reference method, for statistical analysis purposes, in several natural ventilation studies (Samer et al., 2012a (Samer et al., , 2012b (Samer et al., , 2011a (Samer et al., , 2011b (Samer et al., , 2011c (Samer et al., , 2011d . Furthermore, figure 3 shows that AER CO2-h produced predominantly lower values than the WT method for the first year (experiments 1 through 7) and higher values for the second year (experiments 8 through 16). This is attributed to the temperature differences between the two years for the same period (spring), as the temperatures were higher in the second year, which resulted in greater differences between indoor and outdoor temperatures, allowing higher values for the WT method calculated using equation 12.
It should be taken into consideration that the results differ from summer to winter (Samer, 2011) , and this study focused on mid-season (i.e., spring) measurements. The WT-method CO2-balance exact CO2-balance for one hour differences can be attributed to seasonal variations in temperature and humidity, which affect the heat transfer and moisture mass flow, respectively. It is therefore important to monitor the climatic variations (wind velocity, temperature, and humidity) outside a naturally ventilated building throughout the experiments using a weather station, to monitor the indoor air temperature and humidity using temperature-humidity sensors, and to monitor the indoor air velocity using anemometers. A computer program was developed for monitoring and controlling ultrasonic anemometers for aerodynamic measurements in animal housing (Samer et al., 2011e, 2011i) . A simple, fast, reliable, and inexpensive method to estimate the production of CO 2 from animals involves using the CO 2 concentrations in the air near the animals combined with an estimation of their total CO 2 production from information on their intake of metabolic energy, or heat production units. However, the CO 2 balance method has several error sources, such as calculating the metabolic energy, the CO 2 produced per energy unit, the amount of CO 2 emitted from manure, and the locations of the CO 2 sampling points. The CO 2 balance method depends on animal production of CO 2 , which varies with animal weight, productivity, and pregnancy. The calculations of CO 2 production rate (g h -1 cow -1 ) were performed using a mathematical model of the heat and CO 2 production (eqs. 1 through 9). The calculations included the required energy for milk yield, the required energy for pregnancy, and the heat production for life maintenance, considering the average mass of the animals. These procedures agree with Pedersen et al. (2008) , who stated that although a fixed CO 2 production of 185 L h -1 per heat production unit (hpu, i.e., 1000 W of the total animal heat production at 20°C) has often been used over the last decade, the CO 2 production per hpu increases with increased body mass. Furthermore, the method implemented in our study agrees with Madsen et al. (2010) , who stated that CO 2 production can be calculated from the intake of metabolic energy and the energy in the weight gain or milk produced, as there is a close relationship between heat production and CO 2 production.
CONCLUSION
The hourly based CO 2 balance method produced results comparable to the wind pressure and thermal buoyancy method (WT method) in estimating the air exchange rates of a naturally ventilated dairy barn. Therefore, the hourly based CO 2 balance is more accurate than the exact CO 2 balance. This can be attributed to the fact that the hourly based CO 2 balance allowed more time (i.e., one-hour interval) than the exact CO 2 balance for all 12 of the sampling points to deliver their readings, as 12 min were required from the first to the last sampling point, with a recommendation to repeat the measurements at least three times (i.e., 36 min), and the hourly based CO 2 balance allowed five repetitions. The WT measurements required a shorter measurement period because of the nature of wind velocity, which varies greatly over longer time intervals. In other words, the WT method requires short time intervals to deliver reliable results, but the CO 2 balance requires longer time intervals to deliver reliable results. In order to compare both methods, a CO 2 balance for a one-hour time interval was implemented. The measurements of the WT method were conducted in the middle of the time interval required by the hourly based CO 2 balance, and this method showed reliable results.
